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Heat  Shock-  and  Alkaline  pH-Induced  Proteins  of 
Campylobacter  jejuni:  Characterization 
and  Immunological  Properties 

V  I  Wl  '  •  I  II  111  I)  M  KOI  I  ISS  VM.  \N  M  (  MIN(  , 

\iniil  Mi'iliial  Ri  u  iirt  h  hutitiiif  Ht  tlu  ulu  Miinhini!  .V*S,n''4  .iml  I  h  i'nniiii  ni  nt 
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kcciiMil  ''  \ptil  I'4't4  Kilitriuil  to  niiKlilu .ition  I'  M.o  ")<u  Xnipk.l  '  liiK  l'<*M 

The  protein  response  to  physioloKiral  stress  was  characteri/ed  in  (  ampyktbactrr  jejuni  HI  176  after  rsposurr 
to  heat  and  pH  shock  and  foHooinp  periods  of  recosers.  Immunoreartisilies  of  mi^or  stress-related  proteins 
were  determined  with  auU-CamprM^er  immune  rabbit  serum  and  intestinal  lasaxe  Huid.  DisiiiHi  proteins 
with  molecuiar  masses  ranpinp  fln>m  10  to  120  kl)a  were  induced  and  or  released  hs  selectise  heat  or  pH 
treatments.  The  most  notaMe  responses  were  those  of  two  proteins  with  apparent  molecular  masses  of  45  and 
64  kl)a  that  were  induced  and  two  other  proteins  of  10  and  12  kl)a  lhal  were  released  by  selectise  heal  shock, 
alkaline  pH  treatment,  or  both.  On  the  basis  of  N-terminal  sequence  analysis  and  immunokixical  cniss- 
reactivity  data,  the  64-  and  10-kUa  proteins  were  the  C.  jejuni  homoloies  of  Escherichia  cttli  (intKI.  and  (iniKS 
proteins,  respectively.  Enhanced  chemiluminescence  Western  blotting  (immunobloltingl  revealed  that  all  four 
proteins  were  among  the  mqior  protein  antigens  recognized  by  »nii-Campylobacter  rabbit  serum  immunoglob¬ 
ulin  G  (Igfil  and  immune  rabbit  intestinal  lavage  IgA  (secretory  IgA).  The  results  of  this  investigation  suggest 
that  the  C.  jejuni  I0-,  I2-,  45-,  and  64-kDa  proteins  and  a  number  of  minor  stress-related  proteins  deserve 
further  evaluation  of  their  respective  roles  in  Campylobacter  pathogenesis  and  immunity  . 


Prokaryotic  and  eukaryotic  cells  are  known  to  react  to 
chemical  and/or  physiological  assaults  by  the  induction  of 
stress  or  heat  shcKk  proteins  ( I*},  35,  36,  37).  Studies  of  stress 
proteins  have  shown  that  these  proteins  play  important  roles  in 
vivo  as  molecular  chaperones  (8,  15,  22)  and  as  immunodom¬ 
inant  antigens  during  bacterial  infections  (5,  12,  21,  28). 
During  bacterial  infections,  the  interaction  between  a  bacterial 
pathogen  and  its  mammalian  host  exposes  both  parties  to 
multiple  physiological  and  biological  stresses  (19).  A  variety  of 
different  stressors  are  known  to  induce  distinctly  similar  sets  of 
stress  proteins,  among  which  homologs  of  Escherichia  coli  heat 
shock  GroEL  and  GroES  proteins  have  been  the  most  prom¬ 
inent  and  well  characterized  (40). 

With  the  emergence  of  Campylobacter  jejuni  infections  as 
one  of  the  leading  causes  of  human  gastroenteritis  worldwide 
(9,  30,  31),  development  of  molecular  vaccines  and  new 
diagnostic  techniques  is  highly  desirable  (10,  24,  25).  Bacterial 
GroELS  homologs  are  known  to  be  immunodominant  antigens 
for  B  cells  and  T  cells  during  bacterial  infections  (13,  18,  28). 
Because  of  their  highly  conserved  nature,  they  are  also  called 
common  antigens  and  can  cause  significant  specificity  prob¬ 
lems  in  serological  immunodiagnostic  tests  because  they  in¬ 
duce  strongly  cross-reactive  antibodies  ( 1 ).  The  importance  of 
GroEL  homologs  in  the  pathogenesis  of  enteric  pathogens  and 
host  immunity  is  suggested  by  a  recent  publication  in  which  a 
GroEL  homolog  of  Helicobacter  pylori  was  found  to  be  bt>und 
to  urease,  a  recognized  virulence  factor  of  the  bacterium  (7).  It 
was  speculated  that  the  protein  functions  in  the  export,  extra¬ 
cellular  assembly,  and/or  protection  of  the  urease  against 
inactivation  in  vivo  (7).  In  another  repvirt.  the  GroEL  homolog 
of  Salmonella  nphimunum  is  found  to  be  responsible  for 
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binding  the  bacterium  to  intestinal  mucus  (6).  There  has  been 
no  reported  study  of  similar  proteins  in  C.  jejuni. 

Since  the  majority  of  infectious  microorganisms  arc  encoun¬ 
tered  through  mucosal  surfaces,  the  importance  of  the  mucosal 
immune  system  in  the  prevention  and  control  of  infectious 
diseases  is  being  increasingly  appreciated  (17,  33).  Secretory 
IgA  (sIgA)  is  an  important  mediator  of  humoral  immunity  in 
the  mucosal  environment  (17).  A  number  of  studies  have 
demonstrated  its  importance  in  protective  immunity  against 
pathogens,  including  Campylobacter  spp.  (4,  14,  34).  To  our 
knowledge,  there  have  been  no  published  investigations  of 
mucosal  slgA’s  response  to  bacterial  stress  proteins.  Heat 
shock-  and  pH  shock-induced  proteins  of  C.  jejuni  may  play  a 
role  in  pathogenesis  and  host  immunity. 

Systemic  immune  responses  to  well-known  stress  proteins 
have  been  investigated  extensively  (5).  In  this  paper,  however, 
we  report  on  characterization  of  C.  jejuni  stress-related  pro¬ 
teins  and  their  reactivities  with  both  systemic  and  mucosal 
antibodies.  We  documented  strong  reactivity  of  these  proteins 
to  slgA  from  experimentally  infected  rabbits,  which  indicates 
that  these  proteins  are  expressed  in  vivo  and  are  potentially 
important  immunogens. 

MATERIALS  AND  METHODS 

Preparation  of  bacterial  cells.  C.  jejuni  81176  (Penner 
serotype  23/26,  Lior  serotype  5)  was  isolated  from  an  ill 
9-year-old  girl  in  an  outbreak  in  Minnesota  in  which  .s2'/  of 
those  consuming  the  implicated  raw  milk  developed  svmploms 
such  as  diarrhea  (  HNI'r  ).  abdominal  cramps  (,S4'(  ),  and  level 
(T2'r )  but  no  grossly  bloody  sIihiI  Motile  bacteria  were  grown 
from  frozen  sticks  Sheep  bloiHl  agar  plates  were  inoculated 
with  thawed  cells  and  incubated  lor  18  to  24  h  .it  f  (  in  ,i 
microaerophilic  environment  (),.  lU'.  (  ()  s*''-  N  i 

HiK'lenal  cells  were  harvested  .ind  ir.insteiud  to  .i  biph.isn 
culture  svsiem  for  homotenemis  hioib  eo’wih  i2''i  Ihc 
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prnleilinn  'll  tl.isv  l.iler  hs  iiilr.iinlestin.il  i li.illeniie  in  Ihe 
leninv.ihle  inleslin.il  lie  .iilull  r.ihhil  Ji.irrhe.i  niiKlel  I'.il 
lnleslin.il  l.n.iee  liuiiJs  Mere  nilleileil  Irnni  Knh  innlrnl  .in>l 
immune  i.ihhils  ilise  inleeleil  .inJ  enlnni/.itinii  resisi.ml  in  Ihe 
temiK.ihle  inleslin.il  lie  .idull  r.ihhil  di.irrhe.i  eh.illenue  nuKlel) 
K  ihe  melhnds  nl  Burr  el  .il  (.')  .ind  (  .ildMell  el  .il  l  '.il 

Heat  and  pH  shock  Irratmeni  of  bacterial  cells.  I  nr  the 
.inaKsis  nl  ihe  elleels  nl  heal  shixk  irealmenl.  .1  haelerial 
suspensinn  (5  ml)  Mas  mixed  Miih  2(1  ml  nl  preMarmed  BBS  nr 
BMIN  F-  in  Maier  haihs  sei  .11  preseleete'd  heal  shixk  nr  eonlrol 
(.17  (■)  lemperalures  Samples  Mere  remnxed  Irnm  ht-ai  shixk 
ireatnie'nl  alter  various  shix'k  limes  or  alter  shixk  plus  recov- 
erv  limes.  For  studies  ol  pH  effects,  four  haelerial  suspensions, 
each  ttf  h.75  ml.  Mere  mixed  Mith  h(l.7,‘i-ml  volumes  of  pH- 
buffered  saline  to  give  1:1(1  dilutions  and  final  pHs  of  .7.0.  4.0. 
.7.0.  and  «.6.  Mixed  suspensions  were  incubated  at  .77'C'. 
Samples  were  taken  for  analysis  after  selected  limes  at  acidic 
or  alkaline  pHs  and  also  after  recovery  periods,  which  were 
carried  out  by  pelleting  bacterial  cells  and  resuspending  them 
in  a  medium  of  normal  growth  pH.  Recovery  after  heat  sh<Kk 
and  pH  treatments  was  performed  in  PBS  or  BHIYE  at  .77'’C. 
Finally,  all  samples  were  pelleted  promptly  by  centrifugation, 
and  whole-cell  pellets  and  supernatants  were  stored  separately 
at  -70°C  until  needed  for  further  characterization. 

Sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  and  enhanced  chemiluminescence  (ECL)  West¬ 
ern  blotting  (immunoblotting).  Tricine  SDS-PAGE  was  per¬ 
formed  on  the  basis  of  the  work  of  Schagger  and  Jagow  (27).  A 
10  to  2(Wr  linear  gradient  polyacrylamide  separating  gel  (0.75 
mm  by  18  cm  by  20  cm)  was  overlaid  with  a  4.5%  polyacryl¬ 
amide  stacking  gel.  Whole  cells  were  solubilized  with  a  solution 
of  2%  SDS  and  0.1%  Triton  X- 1 00  by  rejjeated  ultra.sonication 
and  heating  in  a  boiling  water  bath.  Supernatants  were  washed 
free  of  medium  components  with  Centricon  P-10  (Amicon) 
and  concentrated.  Samples  were  then  mixed  with  the  sample 
buffer,  heated  at  60°C  for  10  min,  and  loaded  onto  gels. 
Loaded  gels  were  run  at  .70  V  for  1  h  or  until  loadings  had 
completely  left  the  sample  ptKkets.  Electrophoresis  was  then 
performed  at  185  V  for  approximately  .7,2(K)  V  •  h.  Gels  were 
stained  with  a  silver  stain  kit  (Bio-Rad)  or  transferred  onto 
membranes  in  a  phosphate  buffer  system  (25  mM.  oH  7,25)  in 
a  Trans-Blot  fell  (Bio-Rad)  for  4  h  at  420  mA.  Precast 
SDS-PA(if'.  minigels  of  both  the  Tricine  and  l^iemmli  systems 
were  used  according  to  the  instructions  of  the  manufacturer 
NOVI  X) 

F  ('l  Western  blolling  was  performed  according  to  Ihe 
insiruetions  of  the  manufacturer  (Amersham)  with  minor 
modihcaiions  F’roieins  were  bloiied  onto  high-bond  nilnx'cl- 
lulose  nx-mbranes  ( Amersham)  Membranes  were  then  blivked 
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tliiiilM.isusiil.il  I  100  ililuiiiin  ■!!  Iiiehii  H.>imi,iiIi'Ii  |h  >>0 
kI.ik'  l.itx'lli'il  L’li.ii  .mil  i.ibt'ii  let  I  iHu'K.uIi  m.i'  uniJ  iI 
I  s  dim  Iktixr.idish  (xii'xul.tvi  l.ilxllnl  e".ii  mu  t  il'I'ii  Ic  7 
I  kirkiea.iid  iV  Pi  ttv  I  .iK n .iii n ii '  liii  (  i.uilu  I'bute  M>l  > 
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'.inipli'  li'i  I  h  ,il  iisim  II  in(x  i.iluii  Blni'  miU  mi'IkX 
I  xlcii'iv i  lv  in  I  BS  I  tx  li 'll  UK  iit'.ilii m  M  lilt  '1 1 1  Mul.iiv  mi  iK 
ii'toi  I  11  .11  iismi  liin)x  i.iliin  IIkvmiIi  ivIimmviI'  m.i'M',! 
Ill  IBM  .iiul  ill'll  li'ixil  111  ,(  il.iiliriHim  .uiniiline  i"  'luul.ii.l 
pnxiiluii'  \  r.iv  Mini'  miii  ixcmiiit  ti'i  iiiik'  i.tiieme  lom 
kii'IkK  (mo'llv  li'i  Kfiiin  leli'l  l"  .1  (im  mimiti'  (ttu  i.n  lei 
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Pnrtrin  N-lrmiinal  s<K|urneing.  Pri'liin  N  iiiiiim.il  'i 
ifueniine  was  ilmii  Milh  .111  Vppliiil  Biosvsiiiii'  liK  llu'lit 
(ill.  (.lilt  )  \BI  4”  \  proiiin  siipiiiiii'i  Milh  .m  mi  Iiik  I  7o  \ 
high-pressure  lii|uiil  ehroiii.ilogr.iphv  .iniiiiii  .uul  .in.iK/ei 
Following  SDS-PAGl  .  proteins  were  iranslerreil  milo  |v>K\i 
nvlidene  ililluoride  membranes  Blolled  proteins  were  si.uiieil 
briefly  with  (  mimassie  blue  and  ileslained  Protein  b.inds  were 
lixaled  by  alignment  with  purilied  homologous  proteins  and  or 
by  Western  blotting.  Ihey  were  cut  out  and  sei|ueneed  bv 
running  a  standard  operaiing  program  with  a  Bloii-2  reaeiion 
cartridge. 

RESILTS 

Stress  responses  of  C.  jejuni  following  heal  or  pH  shock. 

This  study  was  designed  to  characterize  the  induction  and  or 
release  of  protein  antigens  following  physiological  stress.  In¬ 
duced  and/or  released  proteins  were  visualized  by  silver  stain¬ 
ing  and  ECL  Western  blotting. 

Induction  of  distinct  proteins  by  heal  shock  at  f>()°C  in  the 
culture  medium  (Fig.  lA,  lanes  A  to  C)  or  by  alkaline  pH 
shock  at  pH  8.6  (Fig.  1 B,  lanes  B  to  D)  is  evident.  Upregulation 
of  a  64-  and  a  45-kDa  polypeptide  by  heat  shock  at  6()°C  for  15 
min  to  2  h  or  alkaline  pH  shock  at  pH  8.6  for  0.5  to  2  h 
continued  for  several  hours  after  removal  of  stressors.  In 
addition,  four  proteins  of  22,  38.  53,  and  66  kDa  were  induced 
by  pH  8.6,  while  two  proteins  of  27  and  53  kDa  were  induced 
by  heat  shock.  Acid  shock  at  pH  3.0  caused  significant  reduc¬ 
tion  of  an  sIgA-reactive  flagellar  protein  in  the  cell  pellet,  while 
the  lost  reactivity  was  detected  in  the  supernatant  (result  not 
shown).  Acid  .shock  at  pH  4.0  and  5.0  did  not  cau.se  significant 
protein  induction  under  conditions  used  in  this  work  (Fig.  IB, 
lanes  E  to  K). 

Release  of  10-  and  12-kDa  polypeptides  is  best  seen  with 
Western  blotting  (Fig.  2)  because  these  two  proteins  stained 
much  more  poorly  than  large  proteins  with  silver  staining 
reagents.  Heat  shock  in  PBS,  but  not  in  BHIYE,  at  50°C  or 
above  cau.sed  the  release  of  the  10-kDa  polypeptide  (Fig.  2A, 
lanes  A,  C,  and  H).  Both  heat  shock  and  alkaline  pH  treatment 
caused  near-complete  dissociation  of  an  immunoreactive  12- 
kDa  polypeptide  from  the  cells,  while  acid  treatment  at  pH  5.0 
caused  only  partial  dissociation  (Fig.  2). 

Identification  of  C.  jejuni  GroEL  and  GroES  proteins.  The 
strcs.s-inducihle  64-kDa  protein  of  C.  jejuni  was  found  to 
cross-react  with  several  monoclonal  antibodies  against  a 
GroEL  homolog  of  Rickellsia  typhi.  This  protein  was  located 
on  a  Western  blot,  and  its  N-terminal  sequence  was  deter¬ 
mined  (Fig.  ,7A).  This  64-kDa  protein  is  more  than  80% 
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FIG.  1.  (A)  SiWer  .stained  Tricine  SDS-IO  to  20%  PAGF  profiles 
of  heat-shocked  C.  jejuni  whole  cells.  Lanes:  I,  molecular  ma.ss  markers 
(wide-range  protein  standards  from  NOVEX  [catalog  no.  LC5677|); 
H,  purified  R.  typhi  GroFf.;  G  and  F,  control  whole  cells  with  no  stress 
treatment;  E  and  D,  cells  heal  shocked  for  1.5  h  at  50°C  in  PBS  (E) 
with  a  2-h  recovery  (D);  C,  B,  and  A.  cells  heat  shocked  for  1  h  at  MFC 
in  BHIYE  (C)  with  a  2-h  recovery  (B)  or  a  3.5-h  recovery  (A).  (B) 
Silver-stained  SDS-10  to  20%  PAGE  profiles  of  pH-shix:ked  C.  jejuni 
whole  cells.  Lanes:  K,  J,  I,  and  H.  cells,  treated  for  I  h  at  pH  4.0  (K) 
with  a  2-h  recovery  in  PBS  (J  and  H)  or  a  2-h  recovery  in  BHIYE  (I); 
G,  F,  and  E,  cells  treated  for  1  h  at  pH  5.0  (G)  with  a  2-h  recovery  in 
PBS  (F)  or  a  2-h  recovery  in  BHIYE  (E);  D,  C.  and  B.  cells  treated  for 
I  h  at  pH  8.6  (D)  with  a  2-h  recovery  in  PBS  (C)  or  a  2-h  recovery  in 
BHIYE  (B);  A,  control  cells  with  no  stress  treatment.  Molecular  mass 
markers  are  not  shown. 


FIG.  2.  (A)  Immune  rabbit  scrum  IgG  ECL-probed  Western  blot 
of  whole  cells  and  supernatants  of  heat-shocked  f.  jejuni.  Lanes:  I. 
whole  cells  heal  shocked  for  0.5  h  at  60°C  in  PBS  with  a  l-h  recovery: 
H.  supernatant  of  lane  1;  G,  molecular  mass  markers;  F.  control  whole 
cells  with  no  stress  treatment;  E.  supernatant  of  lane  F:  D.  lane  I  whole 
cells  after  an  additional  l-h  recovery:  C.  supernatant  of  lane  D;  B.  lane 
I  whole  cells  after  2.5-h  recovery;  A.  supernatant  of  lane  B.  Note  that 
a  Tiicine-IO  to  20%  polyacrylamide  gel  was  used  and  only  part  of  the 
blot  is  shown.  (B)  Immune  rabbit  sIgA  ECL-probed  Western  blot  of 
whole  cells  and  supernatants  of  stressed  C.  jejuni.  l.anes:  A.  molecular 
mass  markers  (prestained  low-range  standards  of  Bio- Rad.  catalog  no. 
74177);  B.  control  whole  cells;  C.  supernatant  of  lane  B;  D.  whole  cells 
heat  shocked  for  1  h  in  PBS  with  a  2-h  recovery;  E.  supernatant  of  lane 
D:  F,  lane  D  whole  cells  after  an  additional  1.5-h  recovery;  Ci. 
supernatant  of  lane  F;  H.  whole  cells  treated  for  2  h  at  pH  5.0;  1. 
supernatant  of  lane  H;  J,  lane  H  whole  cells  after  a  2-h  recovery;  K. 
supernatant  of  lane  J:  L.  purified  R.  typhi  CiroEL;  M.  whole  cells 
treated  for  2  h  at  pH  8.6;  N.  supernatant  of  lane  M. 
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Cj64  AKEIIFSDEARNKLVEGVKK 

Hp  ....K...S...L.F...RQ 

Ec  MA..DVK.GND..VQMLR..NV 

B 

£.  coll  MNIRPLHDRVIVKRKEVE 

£.  ieiuni  .  .FQ.  .GTK.L.  .HG.E. 

EIG.  ,T  (A)  N-lerminal  amino  acid  sequences  of  the  C.  Jejuni 
64-kDa  protein  and  several  CiroEL  homologs.  The  single-letter  cixJe  is 
used  to  denote  amino  acids.  Drrts  indicate  identities  between  corre¬ 
sponding  amino  acids.  Abbreviations:  (j64.  64-kDa  protein  of  C. 
ieiunt:  flp,  H.  fnUm  HSP62  (7);  Ec,  E.  colt  GroEL  heat  shi>ck  protein 
( Ida)  (B)  N-terminal  amino  acid  sequences  of  E.  coh  GroES  protein 
( Ida)  and  the  CiroES-like  protein  of  ('  jejuni. 


homologous  (identities  plus  conservative  substitutions)  to  a 
CiroEL  homolog  t)f  //.  pylon  and  El'i  homologous  to  the  E. 
coll  CiroEfl  in  20  N-terminal  amino  acids.  We  were  able  to 
conclude  that  the  64-kDa  protein  is  a  CiroEL  homolog  of  C'. 
jejuni  on  the  basis  of  its  N-terminal  amino  acid  sequence  and 
immunological  crovs-reactivity.  A  ClroES  homolog  of  C'.  jejuni 
was  also  identihed  by  N-terminal  sequence  analysis  tif  a 
lO-kDa  protein  UK'ated  by  alignment  with  a  purified  CiroES 
homolog  of  R.  typhi  (Fig.  .CB).  The  CiroES  homolog  of  C'.  jejuni 
cross-reacted  with  rabbit  serum  IgCi  against  a  purified  httmttl- 
ogous  protein  of  R.  typhi  (bktt  not  shown). 

Idciitifkation  of  stress-rvknsed  12-kDa  protein,  slress-in> 
duced  45>kDn  protein,  and  Rapellin  protein.  A  major  immu- 
noreactive  protein  that  migrated  slightly  behind  the  GroEL 
homolug  on  high-resolution  gels  was  suspected  to  be  flagellin. 
N-terminal  sequen'C  analysis  revealed  that  the  protein  band 
did  contain  a  major  N  terminus  identical  to  those  published  for 
flagellins  in  other  Canipylohacter  spp.  ( 1(1)  and  at  least  two 
more  N-terminal  species  (data  not  shown).  N-terminal  amino 
acid  sequences  of  the  12-  and  45-kDa  proteins  were  deter¬ 
mined  but  are  not  reported  here.  A  search  of  major  data  hanks 
of  protein  and  gene  sequence  did  not  result  in  finding  homol¬ 
ogous  matches  for  either  of  these  two  proteins. 

Rabbit  miicosai  and  systemic  immune  responses  to  C.  jejuni 
stress-induced  and  other  m^jor  protein  antigens.  The  GroEL 
(Fig.  2B)  and  GroES  (blots  not  shown)  homologs  of  C.  jejuni 
were  strongly  reactive  in  Western  blots  with  sIgA  from  intes¬ 
tinal  lavage  fluids  from  immune  rabbits.  The  same  sIgA 
preparation  cross-reacted  with  purified  CiroEL  (Fig.  2B,  lane 
L)  and  GroES  (blots  not  shown)  homoUigs  of  R.  typhi.  Similar 
results  were  obtained  with  immunoblots  using  immune  rabbit 
serum  IgG  (blots  not  shown). 

The  stress-released  12-kDa  protein  was  strongly  reactive 
with  both  mucosal  IgA  (Fig.  2B)  and  serum  IgG  (Fig.  2A).  The 
stre.ss-inducible  45-kDa  prtlypeptide  was  a  major  antigen  of 
mucosal  IgA  (Fig.  2B).  Its  reactivity  with  serum  IgG  was 
consistently  weaker  (blots  not  shown).  Several  other  major 
sIgA-reactive  antigens  are  apparent  in  Fig.  2B.  These  antigens 
include  polypeptides  with  apparent  molecular  masses  of  16.  17. 
21,  2.4,  27.  28,  31.  37,  54.  57,  60,  66.  and  92.5  kDa  but  were  not 
further  studied. 

In  control  studies,  in  ECL  Western  blots  C.  jejuni  whole-cell 
antigens  did  not  react  with  preimmune  rabbit  lavage  fluids  and 
yielded  only  a  few  weak  reactions,  mostly  in  the  45-  and  60-  to 
66-kDa  regions  with  preimmune  rabbit  serum  (blots  not 
.shtjwn). 


DISCLSSION 

Our  results  show  for  the  first  time  that  a  stress-inducible 
GroEL  homolog  and  a  stress-released  GroES-like  protein  of 
C.  Jejuni  are  among  the  targets  of  mucosal  IgA  response  during 
Campylobacter  infection  in  the  rabbit  model.  External  alkaline 
pH,  but  not  acidic  pH,  and  heat  shock  induced  stress  responses 
in  C.  jejuni  that  were  comparable  to  those  in  studies  with  E.  coli 
(29). 

Only  a  single,  intensely  immunoreactive  band  was  detected 
between  64  and  66  kDa  on  ECL  Western  blots,  if  electrophore¬ 
sis  was  performed  using  precast  SDS-12.5G  PAGE  minigels  of 
the  Laemmli  system  (blots  not  shown).  This  indicates  that  the 
GroEL  homolog  and  the  flagellin  may  not  be  differentiated  on 
low-resolution  SDS-PAGE  minigels  and  in  subsequent  West¬ 
ern  blotting.  Using  high-restilution  SDS-PAGE  gels  we  were 
able  to  find  an  alkaline-pH-inducible  66-kDa  protein.  In  their 
recent  publication.  Panigrahi  et  al.  (23)  reprtrted  a  protein  with 
a  similar  molecular  mass  that  was  induced  in  vivo  in  rabbits. 
These  two  proteins  may  be  identical  since  alkaline  pH  shock 
mimics  the  pathogen's  in  vivo  environment,  since  the  pH  of  the 
small  intestine  is  alkaline  (16.  17), 

In  //.  pylori,  a  GroEL-like  protein  is  bound  to  extracellular 
urease  (7).  and  in  .S',  tvphimiiriiim.  an  extracellular  GroEL-like 
protein  is  responsible  for  binding  the  pathogen  to  mucus  (6). 
Htrwever.  we  detected  m>  extracellular  GroEL  homtrlog  of  C. 
jejuni  in  the  supernatants  of  heat-  and  pH-shocked.  as  well  as 
unshocked.  cells.  Given  the  fact  that  this  GrrtEL  homokrg  was 
strongly  reactive  with  sIgA  from  infected  animals,  this  protein 
may  play  a  novel  and  as  yet  unknown  role  in  Cam/iylohacier 
infection. 

It  is  interesting  to  note  that  a  GroES-like  protein  was 
released  upon  heat  shock  in  PBS.  while  the  GroE;L-like  protein 
was  not.  As  molecular  chaperonins.  bacterial  CiroES-like  pro¬ 
teins  are  regarded  to  be  functional  partners  lo  GroEL-like 
proteins  (8.  Ida.  40),  Gur  observation  may  indicate  that  GroES 
can  also  function  separately. 

A  45-kDa  major  antigen  described  in  this  study  is  likely  the 
major  outer  membrane  pttrin  protein  discussed  elsewhere  (32). 
Although  the  N  terminal  sequence  of  this  45-kDa  protein  that 
we  determined  (data  not  reported  herein)  does  not  align  well 
with  amino  acid  sequences  in  major  data  banks,  the  N  termini 
of  mature  porin  proteins  (i.e..  after  cleavage  of  the  signal 
sequence)  are  known  to  have  poor  sequence  conservation  (11). 
Tlte  45-kDa  protein  band  was  induced  by  both  heat  and 
alkaline  pH  shiKk.  similarly  to  induction  of  a  porin  protein  in 
Pseuihrmonas  aem^inosa  by  anaerobiosis  (39).  and  in  a  deep- 
sea  photobacterium  (SS9)  by  elevated  hydrostatic  pressure  (2). 

The  immunogenic  12-kDa  protein  should  not  be  a  degraded 
prvnluct  since  it  was  detected  comigrating  with  another  12-kDa 
ptdypeptide  in  unstressed  whole  cells  (unpublished  ilata).  Two 
proteins  with  similar  molecular  masses.  12  and  14.5  kDa.  have 
previously  been  shown  to  be  recognized  by  serum  IgG  and 
sIgA  present  in  the  stixils  of  patients  recovering  from  naturally 
acquired  ('.  jejuni  enteritis  (20,  .  ,i).  Given  that  this  12-kDa 
protein  diss<Kiated  from  cells  upvin  stress  and  was  strongly 
antigenic,  this  protein  may  be  an  important  surface-assiKiated 
immunogen. 

In  summary,  we  characterized  the  protein  response  to  heat 
and  pH  shtKk  treatments  and  identified  two  major  heat  shiKk 
proteins  of  C.  jejuni.  The  two  identified  heat  shock  proteins 
were  strong  in  vivo  antigens  of  rabbit  mucosal  sIgA  respvmse. 
These  two  proteins,  as  well  as  the  strongly  antigenic  stress- 
released  12-kDa  and  strevs-inducible  45-kDa  proteins,  deserve 
further  investigation  of  their  respective  roles  in  Campylobacter 
infections. 
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